Two main obstacles to the wider adoption of electric vehicles are short cruising distances and long charging times. We have proposed contactless charging systems for moving electric vehicles utilizing electromagnetic induction. A problem in these systems is high level magnetic field spreading far and wide from feeding and receiving coils, which can affect electronics and human health. In our previous work, we proposed a new feeding coil shape (multipolar coil) that reduced magnetic field at a distance by over 90%. In this paper, to reduce magnetic field from the receiving coil, we newly propose a separated receiving coil and compare it with a conventional spiral receiving coil. Simulations and power transmission experiments revealed that the separated coil greatly reduced the magnetic field far from the coil and achieved high power transmission efficiency of over 80%.
Introduction

Contactless Charging Systems for Moving Electric Vehicles
Recently, electric vehicles (EVs) have attracted attention as environmental awareness has grown.
Current EVs have problems such as short cruising distances and long charging times. These problems have prevented EVs from becoming more widespread.
To solve these problems, we have proposed contactless charging systems for moving EVs and have performed various investigations 1),2) . These systems are able to transfer power from feeding coils in the road to a receiving coil on the underside of the EV by utilizing electromagnetic induction, which makes it possible to increase cruising distances without relying on battery capacity. Figure 1 shows a schematic diagram of a contactless charging system for moving EVs. These systems consist of an AC source, compensation circuits, feeding coils, a receiving coil, matching circuits, rectifiers, and a load (a battery or motor). The shape of the feeding coils is different from that of the receiving coil, and the size is larger in order to deliver stable magnetic coupling and transmission power 3) . the resistances 1 and 2 are wire-wound resistors, Pin is input power to inverter, Pout is load power and the capacitances connected in series and parallel with the receiving coil are load matching capacitances. These capacitances enable power to be transmitted at maximum efficiency 1) . The maximum efficiency, , is determined by the coupling factor k and the quality factors 1 and 2 of the coils. Using these parameters, the performance factor α is defined as follows 1) .
(
By using , can be expressed as 1)
The values of the load matching capacitances 2 and 2
can be written as 1)
(4) Figure 3 shows the relationship between and the performance factor . High transmission efficiency is required to achieve high . To compensate for the power factor, the value of the 1 1 capacitance connected in series with the feeding coil is given as follows: As shown in Fig. 1 , the feeding coils are larger than the receiving coil in order to ensure stable magnetic coupling and to supply stable power along the direction of travel 3) .
The size of the feeding coils in the direction of travel is 5 to 10 m. Hence, the magnetic coupling factor, k, is assumed to be less than 0.1, meaning that high-level magnetic fields are generated from the feeding and receiving coils. The magnetic field can affect electronics and human health to a distant place. It is therefore necessary to reduce the magnetic field from these coils.
Many studies have investigated reduction of magnetic field from contactless charging systems 5),6) .
In previous work, we proposed a new shape of feeding coil (multipolar coil) which is able to reduce the magnetic field at a distance by over 90% compared with that of conventional rectangular coils 7) . The multipolar coil consists of a feeding loop at the center of the coil and two loops for offsetting the magnetic field on both sides of the feeding loop as shown in Fig. 4 . The loops for offsetting the magnetic field are excited in the opposite phase to the feeding loop in order to cancel out the magnetic field from the feeding loop. When the multipolar coil is used, the majority of the magnetic field from the combined feeding and receiving coil system is generated from the receiving coil. It is therefore necessary to reduce the magnetic field from the receiving coil in order to reduce the magnetic field from the overall system. In this article,
we propose a new shape of receiving coil with the aim of reducing magnetic field from the receiving coil and we compare the proposed coil with a conventional spiral coil. 
Proposal of Separated Coil
We propose a new shape of coil which we call the separated coil. Figure 5 shows the structure of the separated coil. In this coil, the cross coil which has been proposed for contactless charging systems 8),9) is split into two coils that are connected differentially. By using this configuration, the magnetic field from both coils is canceled out, reducing the magnetic field at a distance. A high coupling factor between the feeding and receiving coils can be ensured by adjusting the spacing between both coils. In this study, we define the distance between the two coils as the parameter "Space ". Figure 6 shows the configuration and size of the separated coil and spiral coil that were used as receiving coils in this study.
The litz wire used in both coils consists of 2232 strands of 0.1 mm thick wire, and a Mn-Zn ferrite plate with a relative permeability is 2400 is placed inside the separated coil and behind the spiral coil in order to increase the inductance. Table 1 shows the electrical properties of the separated coil and spiral coil at 100 kHz as measured with an LCR meter (E4980A, Agilent Co.) when Space was 0 mm, 200 mm, and 500 mm. As can be seen in the table, a high quality factor Q was confirmed as the Space parameter was increased because this decreased the mutual inductance and increased the and to increase interlinkage flux through the feeding coil and the coupling factor between the feeding coil and receiving coil.
Next, Fig. 8 shows comparison results for magnetic flux density at 10 m from the center of the coil on the x-, y-, and z-axes (as shown in Fig. 8-(a) ). In Figure 8 -(b), the value of flux density was calculated by Maxwell ® 3D electromagnetic field analysis software (ANSYS CO.) The excitation condition is a current of 1 A and a frequency of 100 kHz. In Fig.8-(b) , the magnetic flux density far from the separated coils smaller than that from the spiral coil. The magnetic flux density from the separated coil with Space = 0 mm was lower by 73% on the x-axis, 86% on y-axis, and 93% on the z-axis. This shows that the separated coil reduces the magnetic field at a distance from the receiving coil. Space. This is due to an increase in the interlinkage flux as mentioned in Section 2.2, and also due to the change in relative distance between the feeding and receiving coils.
The coupling coefficient was 0.035 for Space = 200 mm, which is comparable to the value for the spiral coil, and was 0.06 for Space = 500 mm. This shows that it is possible to achieve high transmission efficiency while reducing the magnetic field by using a separated coil as the receiving coil. 
Transmission Experiment
We conducted transmission experiments using separated coils (Space = 0 mm, 200 mm, and 500 mm) and a spiral coil as the receiving coil, and measured the transmission efficiency.
The input power to the inverter was fixed at 100 W and the frequency was 100 kHz. Table 2 shows the electrical properties of the feeding coil (multipolar coil). A resistance load (10 Ω) was connected after the secondary load matching capacitances (Fig. 2) . Figure 11 shows the transmission efficiency along the direction of travel. The transmission efficiency at the center of the feeding coil was 82.1% when a separated coil with Space = 200 mm was used, and was 88.1% for Space = 500 mm. We thus confirmed that a contactless charging system with a high transmission efficiency can be constructed by using a separated coil as the receiving coil. 1.E-05
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1.E+03 Figure 13-(a) ). The leakage magnetic field was reduced by 64% on the x-axis, 81% on the y-axis and 90% on the z-axis compared to using a spiral coil when the separated coil with Space = 200 mm was used as the receiving coil. In future work, it is necessary to identify the magnetic field when the receiving coil is fitted to an EV and to reduce further magnetic field by using magnetic shielding such as aluminum sheet.
